Purpose: To investigate whether Caerulein-induced acute pancreatitis (AP) in rats could be noninvasively studied by clinical magnetic resonance imaging (MRI) techniques and validated by enzymatic biochemistry and histomorphology. Materials and Methods: The study was approved by the institutional animal ethical committee. The AP was induced in 26 rats by intraperitoneal injections of Caerulein, as compared to 6 normal rats. T2-weighted 3D MRI, T2 relaxation measurement and contrast enhanced T1-weighted MRI were performed at 3 Tesla. Pancreatic volume and contrast ratio of pancreas against surrounding tissues were measured by MRI. Animals were scarified at 3, 8, 24 and 48-hr respectively for analyses of serum lipase and amylase levels, and biliopancreatic perfusion-assisted histomorphology. Results: The AP could be observed on MRI 3-hr onwards after Caerulein-administration. T2 relaxation within the pancreas was prolonged due to high water content or edema. Increase of vascular permeability was indicated by T1 contrast enhancement. Both edema and vascular permeability gradually recovered afterwards (p<0.05/0.01), paralleled by declining serum enzyme levels (p<0.05). Microscopy revealed cell vacuolization and edema for early stage, and increased inflammatory cell infiltration and acinar cell loss after 24 and 48-hr. Conclusion: Multiparametric MRI techniques at 3.0T could facilitate noninvasive diagnosis and characterization of Caerulein induced AP in rats, as validated by a novel ex vivo method.
Introduction
Acute pancreatitis (AP) is one of the most common and severe visceral disorders in patients worldwide (1, 2) . Apart from laboratory tests, imaging diagnosis provides high sensitivity and specificity in assessing the grades of pancreatitis (3) (4) (5) . Till now, there is no direct treatment against AP, clinical treatments mainly include aggressive hydration, analgesia and prevention of complications (1, 2, 4, 6) . In order to investigate new therapeutic approaches for AP, rodents have been used as animal models for preclinical AP studies since decades ago (7) (8) (9) , but without in vivo imaging.
Significant differences of the pancreas do exist between humans and rodents in not only their distinct dimensions but also their anatomic structures (10) . Thus, clinical imaging techniques such as ultrasound, CT and MR cholangiopancreatography (MRCP) cannot be applied directly to rodent pancreatic Ivyspring International Publisher imaging. Until now, due to a lack of specific markers, imaging the pancreas as an irregular lobulated organ in rodents remains extremely challenging. In previous studies, volumetric MR measurements were performed in post-mortem rodent models to reveal the anatomical relationship of rodent pancreas against adjacent organs (11, 12) . However, in vivo imaging studies directly on rodent pancreas have been greatly hampered by the tiny size of pancreas and random motion artifact within abdomen. In some studies, instead of AP itself, only severe AP-associated renal or liver injuries as AP complications in rats were investigated by using contrast enhanced MRI (13, 14) .
Caerulein is a cholecystokinin (CCK)-analogue that may cause acute pancreatitis by stimulating excessive exocrine pancreatic secretion through premature trypsinogen activation inside pancreatic acinar cells (15) . Caerulein induced AP in rats is a well-established model in preclinical research, which shows similar structural changes characterized by edema, acinar cell loss and inflammatory cell infiltration, comparable to human AP (16) (17) (18) . Although Caerulein induced AP has been used for decades in rodent pancreatitis studies and therapeutic investigations, none of those studies involved pancreatic imaging due to the difficulties in visualizing this organ of rodent species by both in vivo imaging and ex vivo dissection (12) . Therefore, in this preclinical study, we sought to explore noninvasive MR imaging methods to investigate the Caerulein induced AP in rats, which may pave the path for further translational research using rodent models of pancreatitis.
Since both edema and vascular permeability changes are common features in AP of both rodents and humans (2, 19, 20) , based on which imaging diagnoses are made in clinical patients, we chose these two features as the main starting points in our MRI studies. Briefly, in rat models of Caerulein-induced AP, T2 weighted 3D MRI sequences, T2 relaxation calculation and T1 contrast enhanced protocols were adapted for visualization of inflammatory pancreas and measurement of volumetric changes, which were validated by clinical serum indicators for pancreatitis and ex vivo biliopancreatic perfusion-assisted histomorphology.
Materials and Methods
All procedures were approved by the Animal Ethical Committee of our institute, and performed in accordance with the European standards for animal health and welfare.
Experimental design
A total of 32 male Sprague-Dawley rats weighted between 300 to 400g were used in this study, 26 for the induction of AP and additional 6 normal rats as saline control group. Animals were maintained on a 12-hour light/dark cycle, and fasted for 5 hours prior to the experiment with free access to water. Experimental groups of animals were divided into 4 time points, which representing 2 stages of AP: 3-hr (n=8), 8-hr (n=6) for early stages, and 24-hr (n=6), 48-hr (n=6) for recovery stages. After baseline MRI scan, AP was induced by two intraperitoneal (i.p.) injections of Caerulein (Sigma-Aldrich, USA) at 50µg/kg with 1-hr interval. At the end of the second injection, animals went through MRI scans at 3, 8, 24 and 48-hr, then scarified at each time point for blood sampling and ex vivo histology exams, as compared to control animals. The overall experimental flow chart is shown in Figure 1 . 
In vivo MRI
A 3.0T clinic MRI scanner (Magnetom Prisma, Siemens, Erlangen, Germany) was used for MR signal transmission, combined with a phase array wrist coil as receiver. MR compatible small animal physiological monitoring system (SA Instruments, Inc., Stony Brook, NY, USA) was applied for respiration gating. Animals were anesthetized by inhalation of isoflurane (mixed with oxygen and air). Two fat saturated T2-weighted 3D turbo spin-echo (TSE) based protocols (SPACE: 3D TSE with variable-flip-angle refocusing RF pulses; MRCP: 3D TSE based heavy T2-weighted MR cholangiopancreatography) with flow compensation were used for in vivo pancreatitis imaging, resulting in 0.39 mm isotropic resolution. To reduce scanning duration, partial-Fourier was applied in the slice-select direction for both 3D TSE protocols, together with parallel imaging acceleration (GRAPPA) approach. Standard 2D multi-echo spin-echo sequence was used to measure T2 relaxation of edematous tissue at early stage of pancreatitis, every second respiration signal was applied to trigger the MRI acquisition. In addition, non-gated T1-weighted 2D BLADE (periodically rotated overlapping parallel lines with enhanced reconstruction) TSE sequence was performed before and immediately after the intravenous injection of Gd-DOTA (Dotarem ® , Guerbet, France) at the dose of 0.25 mmol/kg. 2D TSE protocol was localized based on SPACE images. Specific MRI parameters are summarized in table 1. 
Data analysis
Pancreatic edematous regions on MRCP images were semi-automatically segmented by ITK-SNAP (v3.2.0, www.itksnap.org) software (21). After pre-processing using intensity threshold, active contour method with seed points was applied as automatic segmentation step, finally followed by manual correction from a trained user. Pancreatic volume on MRI was automatically calculated from refined segmentation. Sensitivity of pancreatitis tissue on MR images was defined as tissue contrast ratio between pancreas (A) and reference tissues (B: liver, spleen and muscle), and measured as (A-B)/(A+B) (22) (23) (24) . For T1-weighted TSE images, a region of interest (ROI) of identifiable pancreatic tissue was delineated from post-contrast image, and the same ROI was applied to pre-contrast TSE image for tissue contrast estimation. Signal intensity measurements were performed in MeVisLab (MeVis Medical Solutions, Bremen, Germany). For early stage pancreatitis (3 and 8-hr), pixel-wised T2 map was generated using Matlab software (2014a, MathWorks, Natick, Massachusetts) by applying mono-exponential fitting via Levenberg-Marquardt method (implemented with the function lsqcurvefit).
Histology and biochemical analysis
Immediately after MRI scans for the designated time point, animals were anesthetized with i.p. injection of pentobarbital (Nembutal, Sanofi, Belgium) at a dose of 40 mg/kg. Blood samples were obtained from the inferior vena cava for blood enzyme analysis, with serum separated at 5000 rpm for 10 minutes and stored at -30C until assaying. Animals were euthanized by a lethal dose of pentobarbital after blood draw. The common bile duct (CBD) was distally ligated in close vicinity to duodenal papilla, and pancreatically infused with 600 μl of 0.1% Evans Blue (EB) dye (Sigma-Aldrich, USA) through proximal CBD (10). Blue colored pancreas was then dissected from attachments, and the true pancreatic volume was measured in a graduated cylinder with the 600 μl volume of EB solution deducted. Formalin fixed pancreatic tissue was embedded in paraffin, cut into 5 µm sections and stained with hematoxylin-eosin (HE). Histomorphological changes including edema, cell vacuolization, inflammatory cell infiltration, and acinar cell loss were assessed under light microscope (Axioskop, Zeiss, Oberkoche, Germany) (7, 25) . Serum level of lipase and amylase were chosen as pancreatitis indicators, and determined by clinical analyzers (Hitachi, Ltd, Tokyo, Japan). Control animals were i.p. injected with the same amount of normal saline and underwent the same procedures as experimental groups.
Statistical analyses
Data were presented as graphical summaries using the statistical analysis R (v3.1.1, https://cran.r-project.org) software (26 
Results

Detection of early stage pancreatitis on MRI
Three hours after the second Caerulein injection, pancreatic edema showed prominent signal on 3D MRCP, SPACE and 2D post-contrast T1 images (Fig. 2a) . Hyperintense signal on MRCP and SPACE indicated high water content within the pancreas in rats with Caerulein induced AP, meanwhile pancreatic tissue showed relative hypointense wrapped by hyperintense tissue edema. Pancreatic region could not be identified before contrast agent injection on T1-TSE images, while hyperintense signal on post-contrast images indicated an increased vascular permeability within pancreatic interstitium.
The contrast between diseased pancreas and normal liver, spleen and muscle is summarized in figure 2b . A contrast ratio close to 1 indicates the best contrast, while contrast ratio below 0 on pre-contrast TSE images represents a negative contrast due to pancreatic edema. In general, MRCP provided the best contrast for AP compared to other sequences (p<0.001) due to nearly nullified signals elsewhere. Meanwhile, 3D T2 weighted SPACE provided the best structural information within rat abdomen, which can be used as anatomical reference for the images with other sequences, whereas, 2D contrast enhanced images more specifically reveal the inflammatory pancreas exclusive of adjacent water-containing small intestines. 
Development of acute pancreatitis within 8 hours
Early stage AP was monitored at 3 and 8-hr after pancreatitis induction. The pancreatic edema was gradually recovering at 8 hours compared to 3-hr after AP, as shown on MRCP images and calculated T2 maps (Fig. 3a) . The boundaries between pancreas and surrounding gastrointestinal organs (e.g. duodenum, stomach and small intestines) could be more easily identified on MRCP compared with SPACE. The absorption of edema at 8-hr resulted in an ambiguous signal between small intestines and pancreas on SPACE images, suggesting that MRCP could provide better segmentation during early stage AP. Statistical outcomes of contrast ratios for the pancreas indicate a significant signal drop on MRCP data at 8 hours (Fig.  3b, p<0 .01). To reduce variations among individuals and different scans, pancreatic T2 relaxation was normalized to the T2 value of liver, while pancreatic volume normalized to animal body weight. Both normalized T2 relaxation and segmented MRCP volume decreased from 3-to 8-hr (Fig. 3b, p<0 .05 and p<0.01). 24 (upper) and 48 hours (lower). While AP was undetectable on precontrast T1-weighted TSE (left), inflammation could be detected by contrast enhanced T1 TSE (mid), as reflected by decreased pancreatic edema on SPACE (right). L: liver, Sp: spleen, St: stomach. b. Contrast ratio for pancreas over liver (left), spleen (mid) and muscle (right) on contrast enhanced T1-weighted images indicated a significant signal reduction at recovery stages as compared to 3-hr of AP (p<0.01). c. Normalized pancreatic volume reached a maximum after 3-hr of AP, gradually recovered afterwards, and returned to the basal level after 48-hr of AP induction as shown on ex vivo measurements. In addition, the corresponding segmented MRCP volume at early stage AP indicated an overestimation at 8-hr (p<0.05).
Recovery of acute pancreatitis
After 24 hours of Caerulein induced AP, most of pancreatic edematous fluid was absorbed (Fig. 4a) . By tracking the pancreatic landmarks (common bile duct, splenic vein, etc.) and comparing signal from surrounding solid organs on 3D SPACE images, only portions of pancreatic body and tail above the splenic vein could be identified. No structural difference was noticed on SPACE images for both 24-hr and 48-hr recovery stages. Similar to early stage AP, pancreas could not be recognized before contrast injection on T1-weighted images. Comparing to 3-hr onset of AP, a significant reduction of contrast enhancement was observed on T1-weighted MRI at recovery stages (Fig.  4b, p<0.01 ). While the contrast from pancreatic tissue could still be visible relative to the liver and muscle, there is a poor boundary between the spleen and pancreatic tail, as shown on MR images and contrast ratio measurements. No further change within the pancreas was observed after 24 hours both on SPACE and contrast enhanced images.
Pancreatic volume changes throughout acute pancreatitis
Ex vivo pancreatic volume was normalized to animal body weight (ml/100g body weight), and compared with the normalized volume acquired from MRCP images. Data of normal pancreas were used as control group for pancreatic volume measurement on ex vivo analysis. From our measurements, pancreatic volume reached a maximum after 3-hr of AP induction, and decreased gradually at 8-hr on both MRCP and ex vivo analysis (Fig. 4c) . Due to the loss of signal within the pancreas at recovery stages, the volume based on edematous pancreas on MRCP was not available, while the EB dye assisted ex vivo measurements indicated that pancreatic edema was fully recovered to the basal level after 48 hours of AP induction. There is no significant difference between volume measured by the two methods at 3-hr of AP, however the MRCP segmented volume was greater than the volume from ex vivo analysis at 8-hr of AP (p<0.05).
Enzyme level and histology analysis throughout acute pancreatitis
Both serum amylase and lipase levels were raised rapidly during the first 3-hr of AP, gradually decreased afterwards and reverted to basal level at recovery stages (Fig. 5a , 5b, p<0.01 and p<0.05). Pancreatic tissue could be recognized after opening the animal at early stage AP due to the pancreas enlargement. Over-excreted transparent jelly-like fluid was wrapped by the pancreatic capsule. In normal rats and rats at recovery stage AP, the pancreas was anatomically interleaved with the peritoneum and abdominal adipose tissue. Pancreatic infusion of EB dye clearly demarcated the pancreatic from other soft tissues and surrounding organs, as shown on digital photos (Fig. 5c ). Heterogeneous distribution of EB dye within the pancreas after 3-hr and 8-hr AP implied a high pressure in the pancreatic ductal system and pancreatic edema. Microscopic examinations with hematoxylin-eosin staining (Fig.  5d ) revealed severe edema during early stage AP, which manifested as acinar cell swelling and expansion of interlobular septa. Intracellular vacuolization spread through the entire pancreas at 3-hr of AP, and inflammatory cell infiltration predominated at 8-hr onwards. At recovery stages of AP, the distance of interlobular septa and the size of acinar cells returned nearly to basal level, while cell infiltration accumulation remained up until 48-hr. Acinar cell loss was observed at recovery stages as well.
Correlation between imaging findings and histological parameters during early stage pancreatitis
The correlation of pancreatic volume measurements, T2 values and histological parameters during early stage AP was performed with Spearman's rho test (Fig. 6) . Pancreatic volume measured from MRCP was strongly correlated with the volume obtained from ex vivo analysis (rho=0.90, p<0.01). A positive correlation between serum lipase level and pancreatic volume on MRCP was observed as well (rho=0.58, p<0.05). Less positive correlation was noticed between pancreatic T2 values and histological parameters, however, the correlation was not statistically significant (p>0.05) due to limited sample size.
Discussion
This study describes the detectability of Caerulein-induced AP in rats by multiparametric MRI using a 3.0T clinical scanner. Both T2 weighted MRI and contrast enhanced T1 protocols were investigated, correlated to clinical enzymatic indicators and histomorphology. Although rat models of Caerulein-induced AP have been widely used in pre-clinical studies, the minute dimension of rat pancreas has hampered the biomedical imaging research on this organ. To our knowledge, this is the first time that inflammatory changes within rodent pancreas has been clearly recorded with MR imaging techniques, which may render a new experimental platform for translational research on this organ.
Since MRI techniques including MRCP, fat suppressed T2 weighted sequences and contrast enhanced T1 imaging were well developed and used as routine screening for AP in clinic practice (5, 27) , protocols modified from clinic database were chosen as references for our pre-clinical research. However, technical adaptations are apparently needed when a 3.0T human magnet is used for pancreatic imaging in rats. Our adapted heavily T2 weighted 3D TSE is similar to clinical 3D MRCP sequence (28, 29) . With the clinical MRCP, the changes in biliopancreatic ductal system can be clearly detected without any post-procedural complications. The techniques applied in our study was adjusted to rodent pancreatic imaging with the potential application for common bile duct evaluation similar to that in previous studies (30, 31) . In clinic, isotropic resolution allows 3D post-processing of all data with maximum intensity projections (MIP), multiplanar reconstructions (MPRs) and volume rendering. However, rather than a solid organ of human pancreas, rat pancreas is a soft organ with irregular shape and the dimension of pancreatic duct is too small to be reflected on 3D MIP with different MPRs. Since MPR is not our purpose, partial Fourier in slice-encoding direction was applied for 3D acquisition, which decreased the resolution in slice-encoding direction while kept the minimal slice thickness. Small slice thickness on 3D acquisition helped improve the accuracy for pancreatic volume estimation. Long TE (600-1000 ms) is widely used in clinical MRCP, but in our study TE of 256 ms was applied to avoid loss of SNR and motion artifact raised from long echo train. Besides, TE of 256 ms already provided a good contrast for static fluid within rat abdomen (Fig. 2, Fig. 3 ). To ensure T1-weighting in contrast enhanced protocols, respiration gating was not applied for T1-TSE sequences; instead, oversampled BLADE radial reconstruction was used to eliminate motion artifacts (32). In our study, 3D MRCP still lacked the sensitivity for recovery stage AP. On the other hand, high-resolution SPACE sequence retained the ability to locate the region of pancreatic tissue under the guidance of anatomical landmarks. Meanwhile, 2D contrast enhanced protocol applied after SPACE images provided information about pancreatic vascular permeability, although the pancreas could be captured only on limited number of slices.
Although pancreatic volume obtained from in vivo 3D MRCP was strongly positively correlated with the volume from ex vivo measurement (Fig. 6) , overestimation of pancreatic volume in MRCP occurred when the outcomes were compared (Fig. 4c) . Since the small intestine and free water content in abdominal cavity showed similar signals to that from pancreatic edema on heavily T2 weighted images, manual correction for pancreas segmentation on 3D MRCP images could induce subjective mistakes. On the contrary, contrast enhanced T1 TSE images reflected the extravasation of the contrast agent from pancreatic vasculature to its interstitium, which appeared to be a more reliable marker for pancreatitis on MRI. However it was difficult to have a complete view for the entire pancreas on 2D images due to the limited thickness of the pancreas in rats. Combining the segmentation using ITK-SNAP software and manual correction, the pancreatic volume measured from MRCP appeared consistent throughout the entire study, which can be considered as a reasonable volume index for early stage AP.
For ex vivo analyses, section of entire pancreas was a challenge before as there is a lack of clear boundary between the pancreas and other visceral organs, whether diseased or not. It was difficult to obtain a clear-cut resection of rodent pancreas without losing some of its tissues, especially for pancreatic head portion. This problem has now been tackled by intra-pancreatic infusion of EB dye, which ideally ensured the accurate excision of the pancreas and subsequent volume measurements as demonstrated by this study.
As for AP model, most of the studies use 7 hourly repeated intraperitoneal (i.p.) injections (33, 34) or continuous infusion of Caerulein (8, 9) to reach a maximal severity of Caerulein induced AP. While for induction of edematous AP, two i.p. injections with 1-hr intervals at a supramaximal concentration as adopted in our study would be enough to reach a maximal stimulation after 3 hours (16). However, a heterogeneous damage within pancreas was observed both on microscopy and calculated T2 maps (Fig. 3,  Fig. 5d ), which placed 3D overview imaging diagnosis to a more important position in this model. One limitation of our study is the lack of capability to indicate acinar cell loss by MRI, since acinar cell loss is an important pathological feature of AP and can be assessed only by microscopic analysis in this preclinical model. The lack of statistically significant correlation between MRI-derived severity parameters and serum enzymatic levels appears similar to that of reported clinical scenarios (1, 2) .
To summarize, in addition to previously introduced 3D MRI visualization of normal pancreas (12) and pancreatic head tumor (35), here, we described the rat model of Caerulein-induced acute pancreatitis as well as the in vivo and ex vivo experiments by using multiparametric MRI for qualitative and quantitative assessment of this model as a potential platform for further translational theranostic research. 
